The hydraulic phenomenon of upwelling groundwater flow affecting the karst area of the Grassano-Telese springs (southern Italy) has been investigated through piezometric measurements, discharge, and chemical-physical monitoring of springs, radon activity included. Locally, both large karst springs and sulfurous thermal springs are closely located, and raise several questions on their origin. In this study, the phenomenon of the upwelling flow is supported by different types of evidences: Amazing density of sinkholes connected to hypogenic speleogenesis processes, constancy of temperature, and hydraulic conductivity of spring water, change of radon activity during the hydrological year, increasing of the hydraulic head with depth. Numerical code provides an estimation of the upwelling phenomenon in an unconfined aquifer feeding the karst springs, using MODFLOW tools. Based on the results reached, the phenomenon of the upwelling flow is able to explain the hydrological processes observed in the Telese karst area.
Introduction
Karst systems are able to concentrate in a restricted zone, the discharge area, the drainage of a wide groundwater catchment [1] [2] [3] . In the discharge area, a single or a group of karst springs are located, which originate or feed rivers.
Karst aquifers can be characterized by a high transmissivity and a high capacity to store large volumes of water, which allow a deep-water circulation generating ascendant flows in the discharge zones, where basal springs are located [4] .
The upwelling phenomenon that affects some basal karst springs can be associated to the regional groundwater model [5] [6] [7] , in which descendant and ascendant flows characterize the recharge and discharge area, respectively. In particular, discharge areas are located in depressed zones, where rivers increase their discharge through linear or punctual springs. However, although flowrate and other physical and chemical features of springs can be easily measured, the ascendant flux is not easy to detect, due to a local vertical hydraulic gradient, which is difficult to recognize. Fiorillo et al. [4] highlight the upwelling flux phenomenon feeding the Serino springs, in southern Italy, based on piezometric data and the chemical-physical parameters of spring waters, providing three different hydrogeological sketches describing the ascendant flow of spring outlets ( Figure 1 ). The upwelling phenomenon of groundwater is a consequence of artesian conditions (Figure 1a ), but it can occur also in unconfined aquifers of wide karst systems (Figure 1b,c) . Ascendant flux connected to different hydrogeological settings of the discharge zone of karst aquifers (a) the hydraulic head difference, h 1 , is needed to allow the rising of groundwater through the porous medium from buried karst substratum; (b) no-karst terrains between the recharge and discharge area help groundwater syphoning; (c) flow lines tend to be vertical as a consequence of deep groundwater flow and flat water table (modified from Fiorillo et al. [4] ).
In this study, specific hydrogeological surveys and computer modeling have been carried out for the Telese discharge area (southern Italy), where sulfurous thermal springs are close to large cold karst springs. Locally, the extraordinary density of sinkholes has been also considered.
The ascendant flow assessment is based on the analysis of hydraulic head monitoring, chemical, and physical data of spring water, including 222 Rn activity measurements. The groundwater flow has been modeled by MODFLOW computer tools, supporting the upwelling phenomenon in the Telese discharge area. 
Materials and Methods
Methods used concern sinkhole mapping, chemical and physical characteristics of spring water, and numerical modeling of groundwater. Remotely sensed data and topographic maps have been used in order to map all the sinkholes and analyze their distribution and morphometry.
Major sinkhole upper-rim delineation was performed using geographical information systems (GIS) for the visual analysis of a hill shade model as well as contour maps derived from a high-resolution (1 × 1 m and 5 × 5 m cell) digital elevation model (DEM), and digital orthophotos with a resolution of 0.5 m. Instead, a field geological survey, combined with the analysis of detailed topographic maps, was necessary for the identification of both small and anthropized sinkholes.
Monthly measurements of the discharge, temperature, electrical conductivity (E.C.), and 222 Rn activity were carried out in the spring waters.
Discharge measurements have been carried out since 2014 through a hydrometric boat with an acoustic profiler Doppler, which can acquire riverbed velocity and section simultaneously.
Temperature and electrical conductivity data were acquired through a multiparametric probe (Horiba model U50), immersing the sensor in correspondence to the outlet springs; values have been compensated at 20 • C.
The 222 Rn activity measurements were carried out sampling spring waters. The samples, immediately sealed by parafilms, were transported to the Laboratory of Hydrogeology of the University of Sannio for measurements of 222 Rn activity with a minimum delay time from collection time (30 ) . Radon activity was performed using the AlphaGUARD radon detector (Genitron Instruments GmbH, Germany): A pulse-counting ionization chamber suitable for alpha spectroscopy. Samples of 100 mL of water were taken in glass bottles. Detected 222 Rn activity levels were analyzed using the software Data EXPERT (by GENITRON Instruments). The main interest of 222 Rn activity in spring waters is its possible connection with groundwater velocity and consequently its variation during the high or low flow conditions of the spring [4] .
To model the groundwater flow, the PROCESSING MODFLOW numerical code [8, 9] has been used to simulate the phenomenon of the upwelling flow, along a vertical section crossing the spring outlet and considering only one layer to model the aquifer. The numerical code of PROCESSING MODFLOW is based on the Dupuit approximation and finite difference method and its use is limited to modeling groundwater flow and solving the problem of transport processes in saturated systems.
The simulation was calibrated by the hydraulic head measurement upstream of the spring outlet, and provides the path of the flow and equipotential lines under specific hydraulic boundary conditions, using MODPATH tools [10, 11] . In particular, in the IBOUND tools we chose "active cell" for karst aquifer, "no-flow zone" for flysch sequences, and distinguished aquitard from aquifer using a different hydraulic conductivity.
The aim is to simulate the groundwater flow paths and highlight the upwelling phenomenon under the spring, rather than to estimate the discharge amount.
Study Area
The Grassano and Telese springs are believed to belong the wide karst area of the Matese massif [12] [13] [14] [15] [16] [17] . The massif outcrops in the median sector of the Apennine chain ( Figure 2 ) and it is characterized by high slopes and elevations up to 2050 m above sea level (hereafter m a.s.l.) of Mt. Miletto.
The rocks belong to a limestone and limestone-dolomite (late Triassic-Miocene) series, characterized by a thickness ranging between 2500 and 3000 m. Along the northern and eastern sectors, the massif is tectonically joined by a thrust fault to low permeability argillaceous complexes (Paleocene) and flysch sequences (Miocene). Along the southern and western sectors, the massif is bounded by normal faults and it is covered by recent quaternary deposits of the Volturno river plain. More specific geological insight of the outcropping areas can be found in Robustini et al. [18] and the Geological Map of Italy, scale 1:100,000 (http://www.isprambiente.gov.it). The Matese massif feeds many basal karst springs; the Grassano-Telese springs are located in the extreme southeastern zone, along the southern side of the Montepugliano relief (Figure 3a-c) . Many of these karst springs are connected to wide endorheic areas, which occupy the high elevations of the Matese massif, and play an important role in the recharge processes [17] . The Matese massif feeds many basal karst springs; the Grassano-Telese springs are located in the extreme southeastern zone, along the southern side of the Montepugliano relief (Figure 3a-c) . Many of these karst springs are connected to wide endorheic areas, which occupy the high elevations of the Matese massif, and play an important role in the recharge processes [17] . The main endorheic area is the Lago Matese polje, with an area of 45 km 2 , located in the high-ground elevated sector of the massif, between 1000 and 2050 m a.s.l. Locally, a permanent lake exists, which was exploited for hydroelectrical purposes. During the beginning of the last century, hydraulic works have isolated the main sinkholes by earth dams and have tried to waterproof the bottom of the lake. Before these hydraulic works, the connection between Matese lake and Grassano-Telese springs was discussed by Gauthier [12] , who described how provisional dams in the Matese lake influenced the regime of these springs also. Based on hydrogeological The main endorheic area is the Lago Matese polje, with an area of 45 km 2 , located in the high-ground elevated sector of the massif, between 1000 and 2050 m a.s.l. Locally, a permanent lake exists, which was exploited for hydroelectrical purposes. During the beginning of the last century, hydraulic works have isolated the main sinkholes by earth dams and have tried to waterproof the bottom of the lake. Before these hydraulic works, the connection between Matese lake and Grassano-Telese springs was discussed by Gauthier [12] , who described how provisional dams in the Matese lake influenced the regime of these springs also. Based on hydrogeological considerations, the entire eastern sector of the Matese massif has to be the main catchment of the Grassano-Telese springs [15] . This sector is hydraulically connected with the Grassano springs by buried karst terrains and outcropping karst reliefs as Mt. Monaco, Mt. Acero, and Montepugliano ( Figure 4) . Thus, the Montepugliano relief can be considered the discharge zone of a wide portion of the Matese massif, and it is characterized by an extraordinary density of sinkholes ( Figure 5 ). As the Grassano springs are located at 54 m a.s.l., they constitute the lowest spring group of the entire Matese massif [17] ; however, their hydraulic connection with the Matese massif is not easy to explain, also because karst terrains outcrop discontinuously along a narrow zone between the Montepugliano relief and Mt. Monaco (Figure 4 ). Besides, due to outcropping of the flysch sequences and the presence of the Titerno river between the Montepugliano relief and Mt. Monaco, syphoning phenomena has to occur. Figure 9 . The area marked with black rectangle is detailed in Figure 5 . Figure 9 . The area marked with black rectangle is detailed in Figure 5 . 
Results

The Sinkholes of Montepugliano Relief and Telese Plain
A huge number of small to medium-sized closed depressions, or sinkholes, characterizes both the Montepugliano relief and the quaternary deposits of the Telese Plain ( Figures 5 and 6) .
A very high concentration of karst closed depressions were observed for the carbonate relief of Montepugliano, especially inside the central and western sector; in addition, a main alignment of sinkholes was observed in NW-SE direction, parallel to the Montepugliano ridge direction, where a probable tectonic line is present. In spite of this, no spatial distribution trend was found for the Telese plain sinkholes. South of Montepugliano relief, the Telese plain is constituted by alluvial deposits, which contain travertine sediments and ignimbrite deposits; the latter are dated 39,000 years B.P. and can be associated with the Campanian Ignimbrite [19] . This Quaternary deposit reaches a thickness of tens of meters, and the depth of the below karst substratum is unknown. From a hydrogeological point of view, all these Quaternary deposits can be considered as an aquiclude, thanks also to the presence of the ignimbrite level. Boreholes located in the Telese plain (Figures 4 and 5) have detected artesian conditions of the groundwater.
Results
The Sinkholes of Montepugliano Relief and Telese Plain
A very high concentration of karst closed depressions were observed for the carbonate relief of Montepugliano, especially inside the central and western sector; in addition, a main alignment of sinkholes was observed in NW-SE direction, parallel to the Montepugliano ridge direction, where a Figure 5 and Table 2 .
A morphometrical description of sinkholes was carried out, and the perimeter, area, circularity index, maximum axis, elevation of the highest point along the sinkhole edge, elevation of the deepest within the sinkhole, and depth are shown in Tables 1 and 2 .
Sinkhole perimeter and area are respectively the length of the curve that delimits the sinkhole in plan view and the planimetric surface bounded by the perimeter [20] . Perimeter and area values range between 66.4 and 888.9 m and between 3.2 × 10 2 and 5.6 × 10 4 m 2 . The highest values were found for Telese Lake ( Figure 5 ).
The circularity index (IC) describes the irregularity of sinkhole planar shape and deviation from a perfect circle [21] ; it can be defined as the ratio between the circumference of the circumscribed (16, 17, 18, 21, 22, 23, 24, 26 , and 32) coincide with those in Figure 5 and Table 2 .
Sinkhole perimeter and area are respectively the length of the curve that delimits the sinkhole in plan view and the planimetric surface bounded by the perimeter [20] . Perimeter and area values range between 66.4 and 888.9 m and between 3.2 × 10 2 and 5.6 × 10 4 m 2 . The highest values were found for Telese Lake ( Figure 5 ). The circularity index (IC) describes the irregularity of sinkhole planar shape and deviation from a perfect circle [21] ; it can be defined as the ratio between the circumference of the circumscribed circle of the sinkhole perimeter and sinkhole perimeter [22] . IC values vary from 1.03 to 1.21; 80% of the sinkholes are sub-circular to sub-elliptical shaped (IC = 1.05 ÷ 1.13).
The maximum axis is the line connecting the two most distant points of the perimeter [20] . The sinkhole's maximum axis is 23.5 to 291.5 m long. Furthermore, 32% of the depressions are characterized by a maximum axis greater than 150 m.
Depth is defined as the difference in elevation between the highest point along the sinkhole edge and the deepest point within the sinkhole [20] . The sinkholes of the Montepugliano relief are the deepest of the study area, with a maximum depth of ≈100 m.
Following historical sources [23, 24] , some sinkholes seemed to originate during the seismic events of 1349 A.D., including the Telese lake, associated with the catastrophic Monte Cassino earthquake of 9 September [25, 26] . Subsequent strong earthquakes would probably enlarge the Montepugliano sinkholes [27] . Others sinkholes, located in the eastern sector of the Montepugliano relief, are filled by Campanian Ignimbrite deposits [26] .
In the Telese plain, several sinkholes originated recently [28] , as that of 7 February, 2002 (Id 9), and during the sixteens (Id 5,6). Based on the shape of the sinkholes, the geological context, and the historical notices, the sinkholes of the Montepugliano relief are typically connected to collapse phenomena; they involve mainly carbonate rocks of the Cretaceous period and can be defined as "collapse sinkholes" [2] . Besides, these sinkholes develop mainly in the unsaturated zone of the aquifer.
The sinkholes of the Telese plain involve mainly deposits of the alluvial plain (travertine, pyroclastic, and alluvial deposits) and can be defined as "cover sinkholes" [29] [30] [31] [32] . These sinkholes were filled by groundwater, indicating that they developed mainly in the saturated zone of the aquifer.
The number of sinkholes, especially for the Montepugliano relief, appears anomalous compared with other areas of the Apennines; the mechanism which control their genesis and development appears not well known.
Groundwater Monitoring
The Grassano-Telese springs are located along the southern side of the Montepugliano relief and can be distinguished into two main groups based on their chemical and physical features: Cold and bicarbonate-calcium large springs, and sulfurous thermal springs. The sulfurous springs are located inside the Telese village, Minieri and Jacobelli Parks (Figures 3 and 5) , have a temperature up to 21 • C (Table 3 ) and overall discharge of a few tens of liters per second. These water springs are naturally enriched in H 2 S and CO 2 [15] and are used for thermal purposes and bottling. Some further sulfurous springs are scattered in the Telese plain such as that of Tre Colori ( Figure 5 ; Table 3 ).
The Grassano springs are located on the western side of Telese village; they are characterized by several outlets discharging directly by the rock of the Montepugliano relief, with an elevation of 54 m a.s.l.; other springs are located along the Rio Grassano bed ( Figure 5 ). Spring waters have a temperature of 11 • C, discharge of several thousands of liters per second, presence of CO 2 , and absence of H 2 S.
The Grassano springs are partially used for irrigation, only a minimum amount is tapped as drinkable water; the largest amount flows downstream toward the Calore river. Between these two main groups, some other minor springs appear to have geochemical intermediate characteristics [12] , with a temperature of 14 • C, and minor concentrations of H 2 S and CO 2 compared to the Telese group (Table 3) .
Discharge measurements of the Grassano springs have been carried out in correspondence with a local bridge, which crosses the river downstream of all spring outlets ( Figure 3c) ; other field measurements were carried out in correspondence with spring outlets. Temperature values were about 11.6 • C (range 11.4-11.8 • C) and electrical conductivity was around 1150 µS/cm (range 1130-1180 µS/cm; Figure 7) ; these parameters appeared almost constant through the hydrological year, pointing out a strong control of the aquifer in which large water volumes are involved. 
Groundwater Modeling with Modflow Numerical Code
The hydraulic features were further investigated proposing a hydraulic model in the MODFLOW environment, describing the upwelling flux for the Rio Grassano spring. The aim of the model is to provide a possible scenario of groundwater circulation affected by ascendant flow in which the Montepugliano relief constitutes the discharge zone of a wide karst area (eastern side of Matese massif).
The hydrogeological model was built using PROCESSING MODFLOW creating a grid with cell size 100 × 100 m, with length 12 km, between Mt. Monaco and Telese plain ( Figures 4 and 9b) ; a constant thickness/depth has been assumed for the karst aquifer, considering values up to 2000 m. During the 2014-2018 period, spring discharge range between the minimum of 2.5 m 3 /s during the 2017 drought to a maximum value greater than 6 m 3 /s. Figure 8 shows the results of discharge measurements together with 222 Rn activity, which were carried out for two distinct spring outlets of the Grassano river in the period from May 2014 to May 2015. The activity of 222 Rn increases according to spring discharge, and decreases following the discharge as well; thus, the maximum and minimum activity of 222 Rn occur during high flow and low flow conditions, respectively, as also found in other springs of the Apennine [4] . 
The hydrogeological model was built using PROCESSING MODFLOW creating a grid with cell size 100 × 100 m, with length 12 km, between Mt. Monaco and Telese plain ( Figures 4 and 9b) ; a The hydraulic head of the groundwater was detected in some boreholes located in Figures 4  and 5 , and is shown in Figure 9 . These measurements allow the reconstruction of the water table in the karst system feeding the Grassano springs, as shown in Figure 9a . As can be seen, the slope of the water table is very low; 10 km upstream of the spring outlets, the hydraulic head is 65 m a.s.l., indicating a slope of the water table of 0.0011. Downstream of the spring outlets, the hydraulic head measured in several boreholes points out artesian conditions, with hydraulic head higher than the spring elevation; in particular, a hydraulic head of 55 m a.s.l. was detected in a group of boreholes located 1 km downstream of the spring outlets.
To reach the spring outlet, groundwater has to syphon below the flysch sequences located between the Matese massif and the Montepugliano reliefs. Looking at the map of Figure 4 , a groundwater connection could exist through Mt. Monaco, Mt. Acero, and Montepugliano reliefs, but it seems to not fully explain the high discharge observed at Grassano springs; as before described, the main recharge area of these springs involves a wider area of the Matese massif.
The hydrogeological model was built using PROCESSING MODFLOW creating a grid with cell size 100 × 100 m, with length 12 km, between Mt. Monaco and Telese plain ( Figures 4 and 9b) ; a constant thickness/depth has been assumed for the karst aquifer, considering values up to 2000 m. The water flow occurs inside this aquifer, which is below limited by the no-karstification zone, whereas flysch sequences are no-flow zone.
The model considers an unconfined karst aquifer in a steady-state condition ( Figure 9a) ; the groundwater flow comes from the left side, where the recharge area (Matese massif) is located. The alluvial complex of the Telese plain has been considered as an aquitard, with a hydraulic conductivity one order of magnitude lesser than karst medium. The hydraulic head has been deducted by piezometer upstream of spring outlets (Figure 9a) . Downstream of the spring outlets, the hydraulic head has been inferred by the model and compared with that observed in the Telese plain (Figure 9a) . The Montepugliano relief appears as a drain, where all flow lines converge and originate the spring outlets. The model was run for different values of the hydraulic conductivity of karst medium, to obtain a hydraulic head that in correspondence with the Montepugliano relief is coherent with spring elevation. Thus, the elevation of the Grassano springs has been used to calibrate the model and has allowed to fix the hydraulic conductivity of karst medium. Figure 10 shows that a value of K = 0.001 m/s provides the best result; this value is in line with the estimated hydraulic conductivity found in other karst areas of the Apennines [34] ; as a consequence, a value of K = 0.0001 m/s [35] was used for the aquitard (alluvial, pyroclastic, and travertine deposits of the Telese plain).
The flow net has been provided by MODPATH and highlights the upwelling phenomenon in correspondence of the Montepugliano relief, independently from the depth of the karst aquifer. Of course, the model also shows that the groundwater flow lines come mainly from the left side (eastern zone of Matese massif), which is the main recharge area of the Grassano springs catchment.
In the Telese plain, the model also highlights how the groundwater could have artesian behavior, as effectively found in several boreholes locally drilled. It has to be specified, that the aquifer cannot be considered an isotropic medium in terms of hydraulic conductivity, as groundwater mainly flows into fractures and karst conduits; this simplification of the model, only provides an overview of the groundwater flow, but explains many hydrological processes locally observed. 
Discussion
In the karst area of Telese plain are located both large cold springs and sulfurous thermal springs and their main geochemical features have been shown in Table 3 . In the Schoeller diagram ( Figure 11 ) the different springs show similar ratios between each component, but the anion and cation concentrations increase from cold waters (Grassano springs) to sulfurous thermal waters (Telese springs), and thus from the western to the eastern side of southern boundary of the Montepugliano relief ( Figure 5) . Similarly, the temperature of the waters and H2S concentrations increase toward the East. 
In the karst area of Telese plain are located both large cold springs and sulfurous thermal springs and their main geochemical features have been shown in Table 3 . In the Schoeller diagram ( Figure 11 ) the different springs show similar ratios between each component, but the anion and cation concentrations increase from cold waters (Grassano springs) to sulfurous thermal waters (Telese springs), and thus from the western to the eastern side of southern boundary of the Montepugliano relief ( Figure 5) . Similarly, the temperature of the waters and H 2 S concentrations increase toward the East. 
In the karst area of Telese plain are located both large cold springs and sulfurous thermal springs and their main geochemical features have been shown in Table 3 . In the Schoeller diagram ( Figure 11 ) the different springs show similar ratios between each component, but the anion and cation concentrations increase from cold waters (Grassano springs) to sulfurous thermal waters (Telese springs), and thus from the western to the eastern side of southern boundary of the Montepugliano relief ( Figure 5) . Similarly, the temperature of the waters and H2S concentrations increase toward the East. The hydrogeological scheme of Figure 9a and the relative simulated groundwater flow path (Figure 9b ) are related to the Grassano (cold) springs. Conversely, the sulfurous thermal springs have to be ascribable to a different karst aquifer, although they can partially be diluted and cooled by the waters of the Grassano springs aquifer just before emerging. More in detail, with respect to Grassano springs, these sulfurous thermal springs originate from a greater depth and come from a different zone of the Matese massif; their recharge area could be located in eastern side of the Matese massif, and would need further surveys to be ascertained.
The Montepugliano relief can be considered the discharge area of all springs, where the drainage of different recharge zones converges locally.
The upwelling phenomenon occurs for both types of waters (cold and sulfurous thermal springs) and has been highlighted using MODFLOW tools for the Grassano (cold) springs.
The focus of the groundwater model is to provide only a qualitative overview of the groundwater path affecting the Grassano springs; in particular, the groundwater model is not focused on water budget assessment, and the recharge volumes involved in the Grassano springs need further in-depth analysis, as 3D models.
The phenomenon of the upwelling flow in the Telese area explains different types of evidences. The amazing density of sinkholes on the Montepugliano relief is in line with ascendant flow conditions: The flow lines terminate within the Montepugliano relief, transporting in solution CO 2 and H 2 S from the depth. Therefore, the geomorphological processes that have led to the formation of sinkholes are of a hypogenic type [36, 37] , connected with the ascendant flow of groundwater. In these environments, as known, the development of voids is intense at the phreatic surface, due to the need for oxygen to oxidize sulfur [36, 38] . In addition, the Montepugliano relief should be affected by a dense network of caves, only partially identified [15] .
Thus, similarly to other springs of the Apennines, such as that of the Frasassi caves [39] , the deep origin of the fluid [40] has caused the speleogenesis of the Montepugliano relief.
The sinkholes of the Telese plain also can be connected to local hydraulic conditions where the alluvial complex deposits constitute an aquitard which causes confined conditions of the aquifer. The groundwater artesian conditions detected in the Telese plain can be explained by the upwelling flow, which locally is confined by the aquitard role of the alluvial deposits of the plain. Thus, also in this area, CO 2 and H 2 S coming from the ascendant groundwater appear to be the main factors controlling the dissolution processes and the underground void genesis especially in the travertine deposits.
The other important consequence of the upwelling flow appears to be the constancy of physical characteristics of the water over time, such as temperature and electrical conductivity, as observed also for the Serino springs [4] . Besides, similarly to Serino springs, the radon activity varies, according to the fact that during the periods of high flow, the greater velocity of ascendant groundwater favors greater radon activity; vice versa, during periods of low flow, the slower ascendant groundwater favors lower radon activity [4] .
As recognized in many karst aquifers of southern Italy, the water table has a gentle slope, with values lower than 1% [41] . This characteristic appears to be an important diagnostic feature to recognize the upwelling flow occurring in the discharge area. In fact, this condition favors a deep circulation, with flow lines initially descending (recharge zone), then converging toward springs (discharge zone), where they concentrate with a kind of flow typically ascendant ( Figure 1) ; the horizontal component of the flow is prevalent in the median zone of the groundwater flow path. The case of Grassano springs, associated to the general sketch case of Figure 1b , has been detailed in Figure 12 , where some hydraulic features highlight the upwelling phenomenon in the discharge area: (i) As observed in the field, the hydraulic head downstream of the spring outlets can be higher than spring elevation, (ii) upstream of the spring outlets, a gentle slope of the water table would not support the high discharge measured at the spring outlets, which need a vertical component of the groundwater path.
typically end in outlet springs [4] as in the case of the Vauclusian type springs. Besides, tectonic displacements along the faults, which split karst terrain by less permeable deposits favor sub-vertical conduit formations [43] .
Because of the local hydraulic conditions, the Montepugliano relief can be considered as a "drain", where a deep and wide groundwater circulation locally converge providing a general upwelling flow; the spring front of the Rio Grassano appears to be the overflow of this powerful upwelling flow, driven by conduits and fracture networks. 
Conclusions
The research focuses on the peculiarity of the hydraulic aspects of the Telese karst area (southern Italy), characterized by a wide and complex groundwater circulation.
Two main kind of spring outlets characterize this karst area: Sulfurous thermal and cold large springs. The springs are located along the foot of a karst relief (Montepugliano) which constitutes the drainage of a large portion of the Matese massif.
The amazing concentration of sinkholes and the water's chemical and physical features seem to ascertain the hydraulic phenomenon of upwelling, further proved by piezometer monitoring. The flow net of the karst aquifer feeding the Grassano springs has been drawn using MODFLOW tools. The groundwater flow 2D model can be considered a simple tool to understand groundwater circulation affecting the Rio Grassano karst aquifer, providing a possible scenario of groundwater behavior, it is not certain whether the model assesses the recharge water amount involved in discharge zones, which requires a tridimensional model. The flow lines of Figure 1 have been plotted considering an isotropic media, simply to provide a sketch of the groundwater flow. As is well known, during the time conduits network development leads to flow hierarchization [42] , which has a strong control on the groundwater path. The ascendant flow feeding springs is probably the cause of sub-vertical conduit formation that can typically end in outlet springs [4] as in the case of the Vauclusian type springs. Besides, tectonic displacements along the faults, which split karst terrain by less permeable deposits favor sub-vertical conduit formations [43] .
Because of the local hydraulic conditions, the Montepugliano relief can be considered as a "drain", where a deep and wide groundwater circulation locally converge providing a general upwelling flow; the spring front of the Rio Grassano appears to be the overflow of this powerful upwelling flow, driven by conduits and fracture networks.
The amazing concentration of sinkholes and the water's chemical and physical features seem to ascertain the hydraulic phenomenon of upwelling, further proved by piezometer monitoring. The flow net of the karst aquifer feeding the Grassano springs has been drawn using MODFLOW tools. The groundwater flow 2D model can be considered a simple tool to understand groundwater circulation affecting the Rio Grassano karst aquifer, providing a possible scenario of groundwater behavior, it is not certain whether the model assesses the recharge water amount involved in discharge zones, which requires a tridimensional model.
The sulfurous thermal springs of the Telese Plain are also likely to be associated with the upwelling phenomenon, but the recharge area and the relative aquifer should be different from that of the Grassano springs. Under such a hypothesis, the Montepugliano relief constitutes the same discharge area for both the spring groups, draining aquifers located in different zone of the Matese massif.
Finally, the assessment of the water circulation in the karst aquifer allows us to design an accurate strategic plan for the realization of the tapping work, in their maintenance and for the definition of the protection area of the springs.
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